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In this paper, a convenient method for optical excitation of coherent acoustic waves in transparent or lightabsorbing liquids and solids is described [3]- [5] . The acoustic frequency can be continuously and easily varied from about 30 MHz to 30 GHz with the current experimental apparatus, and a considerably wider range should be possible. The method can be extended to the excitation of optical phonons in the THz frequency range [6] . Once generated, the ultrasonic waves can be optically cancelled (turned off), amplified, or phase shifted [3] . In aniso- tropic media (crystals, liquid crystals, stretched films, etc.), any propagation direction can be selected. In addition, acoustic wave grating experiments used to measure a wide variety of physical and spectroscopic properties of systems in condensed phases are discussed. The technique, which is called laser-induced phonon spectroscopy (LIPS)., is used to detect very weak ground state absorptions [7] and to detect excited state-excited state absorptions [8] . The influence of an acoustic wave grating on the diffraction from an electronic excited state grating is considered [9] . LIPS is ideally suited for the measurement of optoelastic constants, elasticity parameters, and acoustic attenuation [7] . In particular, measurements on liquid crystals are discussed [ 101 , [l 11 . In the liquid crystal experiments, it is demonstrated that a Kerr effect polarization grating can be separated from the acoustic wave grating,.and thus both translational and rotational dynamics can be studied.
The LIPS technique is illustrated schematically in Fig.  1 and works as follows. Two picosecohd, time-coincident laser pulses intersect inside the sample, setting up an optical interference pattern, i.e., alternating intensity peaks and nulls. Energy deposited into the system via optical absorption [3] , [4] or stimulated Brillouin scattering [3] , [5] results in the launching of counterpropagating ultrasonic waves (phonons) whose wavelength and orientation match the interference pattern geometry. The acoustic wavelength d is given by X 2 sin (0/2)
where X is the wavelength of the excitation pulses and 0 is the angle between them (see Fig. 1 ).
The acoustic wave propagation, which continues long after the excitation pulses leave the sample, causes timedependent, spatially periodic variations in the material density, and since the sample's optical properties (real and imaginary parts of the index of refraction) are density dependent, the irradiated region of the sample acts as a Bragg diffraction grating. This propagation of the optically excited ultrasonic waves can be optically monitored by timedependent Bragg diffraction of a variably delayed probe laser pulse.
The mechanism by which LIPS ultrasonic waves are generated depends upon whether the sample is optically absorbing or transparent at the excitation wavelength. The crossed excitation pulses generate counterpropagating acoustic waves (phonons) with the wavelength and orientatioh of the optical interference pattern. Phonon-induced charges in the real or imaginary part of the index of refraction create a diffraction grating which Bragg diffracts the delayed probe pulse. The phonon frequency is continuously tunable by varying the angle between the excitation beams.
the excitation pulses are absorbed into high-lying vibrational or vibronic levels, rapid radiationless relaxation and local heating at the interference maxima (the transient grating peaks) occur. Thermal expansion then drives material in phase away from the grating peaks and toward the grating nulls, setting up counterpropagating waves. The acoustic response to absorbed excitation pulses, in terms of relative material displacement (strain), has been shown to be [3] 
where S,, is the compressional strain along the y direction, A is the amplitude of the acoustic disturbance, k is the grating (phonon) wave vector, and w is the acoustic frequency. (wlk = u,, the longitudinal speed of sound along the y direction in the medium.) The excitation geometry is as shown in Fig: l . The acoustic disturbance in (2) can be viewed as a steady-state expansion (the dc term) plus a transient response (the counterpropagating waves). For simplicity, we assume propagation of a single, longitudinal wave, although we have demonstrated and will illustrate below that in anisotropic media, quasilongitudinal and quasitransverse waves can also be generated [3] , [4] . Local changes in material density p are given by where po is the normal density The excitation pulses are taken to be instantaneous and cross inside the sample-at t = 0. At this time, 6p = 0 everywhere, i.e., the density is uniform. Material then moves away from the peaks and toward the nulls, causing the density at the peaks to decrease and the density at the nulls to increase. The density excursion is largest at t = n/u (and t = 3n/w, 5n/u, etc.) , and returns to normal at t = 2n/u, 4n/u, etc. (after each acoustic cycle). Thus, the density at the grating peaks oscillates between normal and a reduced value, while the density at the grating nulls oscillates between normal and an increased value. The variably delayed probe pulse undergoes no diffraction at t = 0, 2 n / w , etc. (uniform density), and is most strongly diffracted at t = n/w, 3n/w, etc. (maximum density excursion).
In samples which are transparent at the excitation wavelength, optical energy is coupled directly into the Sample's acoustic field via stimulated Brillouin scattering [3] , [5] . This process takes advantage of the inherent spectral linewidth in the picosecond excitation pulses. Higher frequency photons from each pulse are annihilated to create lower frequency photons in the opposite pulse and phonons of the difference frequency and wavevector in the medium. Counterpropagating waves (a standing wave) are thus produced. The acoustic response has been shown to be ~3 1 ,
where B is the acoustic wave amplitude. Experimental observations of this acoustic response are presented below. Notice that since there is no radiationless relaxation or heating, no static thermal expansion occurs. [Compare to (2) .] The density at any point in the sample oscillates both above and below normal, and the density is normal everywhere (6p = 0) at t = 0, T / W , 27r/w, etc. (twice each acoustic cycle). Thus, the variably delayed probe pulse undergoes no diffraction twice each acoustic cycle. The different time dependences of the diffracted signal arising from the two acoustic wave generating mechanisms allows simple determination of the mechanism of phonon excitation in a LIPS experiment.
In the next section, a typical experimental setup to perform LIPS measurements is described. In Section 111, experimental results illustrating the two mechanisms of acoustic wave generation are presented. It is then demonstrated that the excitation wavelength dependence of the LIPS effect can be used to measure very weak absorptions. In this case, the highly forbidden u = 0 to u = 6 C-H stretch absorption of liquid benzene is examined. Additional data are shown which demonstrate that the optically excited ultrasonic waves can be optically manipulated (amplified, cancelled, or phase shifted). An illustration of LIPS effects in anisotropic media is also presented. In Section IV, the problem of mixed acoustic wave and electronic excited state gratings is considered for a probe YAG mode-locked laser pulse train and frequency doubled to 532 nm, then split into the two excitation pulses and recombined at the sample to generate the counterpropagating waves and transient grating. The rest of the pulse train is frequency doubled to synchronously pump a tunable dye laser whose output probes the grating after a variable delay. The Bragg-diffracted part of the probe pulse is the transient grating signal. PC E Pickels cell, P = polarizer, PD = pho-
wavelength on or near a strong electronic transition. An approach for the measurement of electronic excited stateexcited state absorption is demonstrated. In Section V, the study of the physical properties of liquid crystals is discussed. The separation of acoustic gratings from-Kerr gratings is demonstrated. Finally, Section VI contains concluding remarks. Fig. 2 . This is a typical setup. Variations will be mentioned in connection with the various experiments. The laser is a continuously pumped Nd : YAG system which is acoustooptically mode locked and Q switched to produce high repetition rate (800 Hz), high power infrared (1.06 pm) subnanosecond pulses. The laser output is a train of about 40 mode-locked pulses, 5.7 ns apart, with -1.4 mJ total energy [ 3 ] , [12] . A large pulse from the train is selected by a Pockels cell with an avalanche transistor driver. (In some experiments, the Pockels cell window was widened to select two pulses, 5.7 ns apart.) The single pulse is frequency doubled using CD*A to give a 10 pJ, 50 ps, transform-limited TEMo pulse at 532 nm. This passes through a 50 percent beam splitter to create the two excitation pulses which travel equal distances and are focused into the sample.
EXPERIMENTAL APPARATUS A LIPS experimental setup is illustrated in
The unused IR pulse train comes off a reflecting polarizer into another CD*A doubler crystal, and the 532 nm light is used to synchronously pump a dye laser which is spectrally narrowed and tuned by two intracavity etalons. The dye laser is cavity dumped using another Pockels cell with an avalanche transistor driver to give a 5-30 pJ pulse (depending on the dye and wavelength) with a spectral width of -1 cm-' and a duration of 20 ps [3] , [ 
131.
Synchronization of the two Pockels cells is obtained by a single avalanche transistor which itself is triggered by the IR pulse train. The dye laser output travels a variable distance controlled by a motorized delay line consisting of a corner cube drawn along a precision optical rail. It probes the grating at an angle satisfying the Bragg diffraction condition. Excitation and probe spot sizes are typically in the 200 pm range.
The diffracted probe intensity was measured with a p-i-n photodiode and lock-in amplifier which drives the y axis of an x-y recorder. The x axis is driven by a variable voltage derived from a ten-turn potentiometer connected to the delay line motor, providing the time scale. When the delay line is run, the time-dependent diffracted signal is recorded directly on the x-y recorder. Frequently, a small computer is used to record the signal for subsequent data analysis.
In other experimental arrangements, the tunable dye laser is used for the excitation beams and the 532 nm beam is used for the probe. Other YAG frequencies are also used. In the liquid crystal experiments (Section V), excitation is with the 1.06 pm YAG fundamental. The dye laser can be used to generate all wavelengths from -700 to 280 nm with dyes only pumped by doubled YAG. The UV is obtained by doubling the dye laser output. The near UV is generated by summing the red dye laser with the 1.06 pm YAG fundamental. The blue and blue-green part of the spectrum is obtained by quadrupling the YAG output to 266 pm and subtracting the tunable dye output. For example, using this procedure, 3 p.I were generated at 490 nm. Fig. 3 shows LIPS data from pure ethanol and from solutions of malachite green in ethanol [ 3 ] . The 532 nm excitation light is absorbed by malachite green, but not by ethanol. The grating fringe spacing is 2.47 pm and the speed of sound in ethanol is 1.16 x lo5 cm/s [ 5 ] . The acoustic frequency is therefore w = 2.95 X lo9 s-', and the acoustic period r,, = 2.13 ns. (The acoustic period is the time required for the ultrasonic waves to travel one fringe spacing.) Fig. 3(a) shows LIPS data from pure ethanol. The important feature is the frequency of oscillations in the diffracted intensity.
ACOUSTIC WAVE GENERATION MECHANISMS
The signal vanishes every 1.07 ns or exactly twice each acoustic cycle. This indicates that the acoustic disturbance is as given in (4), and that stimulated Brillouin scattering is responsible for acoustic wave production. This is to be expected since the green excitation light is not absorbed by pure ethanol. Fig. 3 (c) shows data from a solution of 5 X M malachite green in ethanol. This concentration is such that the acoustic disturbance due to optical absorption completely obscures that due to electrostriction. The diffracted intensity vanishes once each acoustic cycle, indicating that the acoustic response is as given in (2). Fig.  3(b) shows data from a solution of intermediate malachite green concentration. Optical absorption and electrostriction excite acoustic response of comparable magnitudes, and the effects of both mechanisms are observed. The total acoustic disturbance is simply the sum of (2) and (4) with appropriately weighted amplitudes A and B. The diffracted signal at any time goes as the square of the density excursion inside the material, calculated from (3). Equations (1)-(4) predict the positions and relative amplitudes of the signal maxima for any concentration of absorbing species, and a gradual transition from data of the form in Fig. 3(a) to that in Fig. 3(c) is predicted and was observed for a large number of intermediate concentration solutions. The amplitude of the acoustic response to optically absorbed excitation pulses ["A" in (2)] has been quantitatively related to the absorption strength and to thermal expansion and elastic stiffness coefficients of the sample [4], [7] . The amplitude of the electrostrictively generated waves ["B" in (4)] has been similarly related to the sample's electrostrictive (photoelastic) constants
Comparison of the acoustic response due to a known amount of absorption to the electrostrictively generated response, using data such as those in Fig. 3 (b), has permitted accurate measurements of photoelastic constants to be made [7] .
It is of interest to note that only very weak absorption is needed to produce a detectable "heating" acoustic response. For example, with YAG fundamental (1.06 pm) excitation pulses, absorption into vibrational overtones of water produces a response which obscures the electrostrictively generated response. With deuterated water (or with H 2 0 and 532 nm excitation), electrostriction effects dominate. Similar results have been obtained with benzene and deuterated benzene.
These observations suggested that LIPS could be employed to measure weak absorptions [7] . If the sample's optical absorption is very weak, the contributions of both heating and the electrostriction mechanisms to the total effect are comparable. Measuring the diffraction efficiency at two appropriate times gives the ratio of A to B. A is the coefficient in the heating mechanism equation (2) and B is the coefficient in the electrostriction equation (4). A contains the molar extinction coefficient and a number of other constants. B contains the optoelastic constant [9] . Detailed expressions for A and B are given in [7] . LIPS experiments permit A and B to be quantitatively determined independently.
Measuring the ratio A/B is useful for two reasons. First, B is basically independent of wavelength, even for substantial changes in wavelength. Therefore, a plot of A / B versus X yields the absorption spectrum. In addition, both A and B are linear in the excitation pulse intensity. Thus, the ratio A/B is independent of the laser intensity and is directly proportional to the absorption strength.
If B is known or if a suitable absorption standard is used [7] , the molar extinction coefficient as a function of wavelength can be obtained from a LIPS experiment for very weakly absorbing samples. This is, in effect, a type of coherent optoacoustic spectroscopy in which the thermal energy is channeled into a single acoustic frequency and detected by Bragg diffraction. Fig. 4 shows a spectrum of the fifth vibrational overtone ( u = 0-6 transition) of the benzene C-H stretching mode. The spectrum was taken point by point, and the data have an appearance like those in Fig. 3(b) . The spectral information is derived from the relative heights of the signal measured at $ T and T . T is the acoustic period, 2a/w. Equation (19) of [7] was used to determine the parameter A/B at each wavelength.
The line shape and the position of X, , , , shown in Fig.  4 , are virtually identical to that obtained by an earlier thermal lensing study [ 141. The spectrum quality is only moderate, mainly because the dye laser system employed was not constructed to be readily tuned over a wide wavelength range. However, the important feature is that this spectrum was taken with an effective path length of only 1 mm, i.e., a maximum optical density of -1 X lop5
(optical densities at least as low as lop7 are measurable), demonstrating the very sensitive nature of the method.
LIPS as a tool for absorption spectroscopy shares a common feature with optoacoustic spectroscopy [15] in that it detects the absorption of light by nonradiative relaxation processes which produce phonons. However, in a LIPS measurement, the phonons are generated coherently, which provides the potential for the increased sensitivity that usually accompanies coherent measurements.
The optically generated LIPS ultrasonic waves can be optically manipulated (amplified, cancelled, or phase shifted) [3] . ing mechanism for two pairs of absorbed excitation pulses of equal magnitude and separated by a time t ' is
for t > t'. As before, the initial pair of excitation pulses passes through the sample at t = 0. Note that for a second pair of pulses impinging on the sample at t' = 0, 2a/w, 4a/w, etc., the entire acoustic disturbance is amplified by a factor of two. In this case, the second pair of excitation pulses is in phase with the acoustic waves generated by the first pair. This is as in the experiment displayed in Fig. 5(a) where t ' = 5.7 ns = 8a/w.
If t ' = a/w, 3a/w, etc., the time-dependent part of ( 5 ) (i.e., the counterpropagating waves in the sample) will be cancelled when the second pair of excitation pulses passes through the sample. The static density variation is ampli- fied in either case, as shown by the time-independent part of (5). Fig. 5(b) shows data taken under identical conditions as those in Fig. 5(a) , except that the angle between the excitation pulses was changed to make the grating period d = l .87 pm and the acoustic frequency w = 3.88 X lo9 s-'. Thus, t' = 5.7 ns = 7n/w, and the counterpropagating waves are essentially cancelled (turned off) by the second set of pulses. The increased time-independent diffraction at t > t' is due to the amplified, static density response.
Inspection of ( 5 ) shows that, in general, the counterpropagating waves are phase shifted by an amount ( w t ' l 2) and their amplitude is modified by a factor of cos (ut'/ 2). Thus, the waves can be amplified, cancelled, or phase shifted. Fig. 5(c) shows data taken with the grating period d = 1.79 pm, w = 4.04 X lo9 s-', and t' = 5.7 ns = 7.34 n l w . Thus, the counterpropagating waves are phase shifted 60" forward.
All of the examples presented so far have involved isotropic liquids in which only a longitudinal wave is generated. Fig.  6 shows LIPS data from the anisotropic monoclinic molecular crystal a-perylene. Excitation and probe wavelengths were 532 nm and were weakly absorbed by the sample, leading to one oscillation per acoustic cycle. In Fig. 6(a) and (b), the grating was aligned along the b and a crystallographic axes, respectively, and single longitudinal waves were generated.
With the grating aligned between the Z and 6 axes in the 55 plane, quasilongitudinal and quasitransverse waves of different frequencies were generated. The theory of LIPS acoustic wave generation in anisotropic media has been detailed earlier [4] , and it predicts the observed results. In anisotropic media, pure longitudinal waves or quasilongitudinal and quasitransverse waves will be generated, depending upon grating orientation. It has also been demonstrated that using perpendicular polarizations for the excitation beams, pure transverse waves can be excited electrostrictively [ 6 ] . Anisotropic acoustic parameters (velocities and attenuations) can thus be measured with this technique.
IV. MIXED ACOUSTIC A N D EXCITED STATE GRATIKGS
All of the experiments discussed so far have involved the detection of acoustic phase gratings. Transient grating experiments are frequently used to study electronic excited states [16]-[19] . In this case, the excitation beams are tuned to an electronic transition, and the optical interference pattern produces a periodic variation in the number density of excited molecules. The result is an excited state concentration grating.
The diffraction efficiency q from such a grating for a probe tuned near the electronic transition has two parts [20] :
where qu is the amplitude grating contribution to the diffraction and qp is the phase grating contribution. AD is the peak-null difference in sample optical density (imaginary part of the index of refraction) produced by the crossed beam excitation and An is the peak-null difference in the real part of the refractive index. a is the amplitude grating proportionality constant, and b is the phase grating proportionality constant.
Frequently, production of an excited state grating also results in the generation of an acoustic grating. The excited state and acoustic grating can interfere [9] . This is referred to as a mixed grating. Diffraction efficiency from a mixed grating qm, probed by a pulse with wavelength on or near the electronic resonance, potentially has six contributions [9] :
Anex and Akex are the peak-null difference in the real and
imaginary part of the refractive index arising from the production of excited states. Ans and A k, are the real and imaginary peak-null differences in index arising from the change in number density caused by the acoustic strain. Ansj and 6ksf are the real and imaginary peak-null differences in index arising from spectral shifts (shifted absorption frequencies) caused by the acoustic strain. For relatively low concentration mixed crystals in which the guest molecules are excited, rigorous expressions for each of the six terms have been derived [9] . An example discussed below is the mixed molecular crystal, pentacene (guest) in p-terphenyl (host).
In a system such as this, the concentration can be made sufficiently low that the guest molecules are noninteracting and the absorption is weak. (The situation is not nearly as clear cut for a pure crystal exciton system
[16] in which the dispersion is complicated and polariton propagation and damping effects can be important.)
In all mixed grating experiments done to date (with one possible exception discussed below), only the contributions of the first, fourth, and fifth terms have been observed. It will be useful to write the observed diffraction efficiency due to these terms r & ( W ) explicitly [9] : DaV(w) is the average optical density of the sample. 0 is the Bragg angle, Tis the sample thickness, X is the probe wavelength, and w is the probe frequency. wo is the center frequency for the electronic transition being probed. No is the number density of guest molecules in the unexcited sample and N , is the number density of excited molecules at the grating peaks. yo is the spectral linewidth of the transition. no is the real part of the index in the unperturbed sample and AS is the peak-null difference in the acoustic strain [9] . For w = wo, and ko(do), the absorption maximum, is with 4ne2 f ' = y f where f is the oscillator strength of the transition and e and m are the electron charge and mass, respectively.
In (8), the first squared term is the excited state amplitude grating contribution to diffraction. The next term is the excited state phase grating contribution, and the final On the red side where the transition is isolated, the agreement is good. On the blue side, interference from the next spectral peak (see inset), which was not included in the calculation, influences the dispersion effect.
term is the acoustic phase grating contribution to diffraction. Notice that the signal depends on the square of the sum of the two phase grating terms. This results in an interference term (the cross term) which gives rise to the experimental observations described below.
First consider the amplitude and phase grating contributions to diffraction from an excited state grating in the absence of an acoustic grating. The wavelength dependence of the pentacene in p-terphenyl excited state grating diffraction efficiency qex(w) is plotted in Fig. 7(a) . The circles with a solid curve show the experimentally measured diffraction, corrected to eliminate small absorption effects. The dashed curve shows the theoretically predicted diffraction efficiency with no absorption effects. (Dav = 0. Thus, the dashed curve is identical to the absorption spectrum; see inset.) The agreement between the experimentally measured and theoretically predicted diffraction is good, especially on the red side of the origin, which is spectrally isolated. The blue side of the origin is influenced by the next absorption band (see inset spectrum). waves increases when the probe wavelength is red of the pentacene absorption peak (see inset), decreases when the probe wavelength is blue of the absorption peak, and vanishes when the probe wavelength is at the peak. All experiments were done with identical excitation conditions. This wavelength dependence is due to a combination of acoustic phase grating diffraction (probe wavelength independent) and excited state phase and amplitude grating diffraction (both probe wavelength dependent).
It is clear that the diffraction efficiency is not adequately described by amplitude grating effects alone [the dot-dash curve in Fig. 7(a) ]. At the absorption peak, the phase contribution vanishes, and thus the amplitude contribution -qa accounts for all of the observed signal. -qa scales as the square of the absorption strength, and the dot-dash curve in Fig. 3(a) was plotted by using the inset absorption spectrum. The difference between this curve and the observed signal gives the diffraction due to phase grating effects. This is plotted in Fig. 7(b) (the circles with solid curve). The phase grating contribution rises from zero at the absorption peak to maxima at the halfwidths, then gradually decreases, as theoretically predicted (the dashed curve). The asymmetry in the experimentally measured qp(w) is due to the influence of absorption bands on the blue side of the origin which were not included in the calculation.
These results clearly confirm the theoretical prediction of excited state phase grating effects. Although these effects have been discussed by a number of authors, experimental observations have been very few [2 11, [22] . These results may provide the clearest experimental characterization of the wavelength dependence of excited state phase grating diffraction. Fig. 8 shows transient grating data from a M/M pentacene in p-terphenyl crystal [ 9 ] . The oscillations on the excited state decay arise from the optical generation of ultrasonic waves which result in a mixed excited stateacoustic grating. These data were taken under conditions similar to those discussed above (Fig. 7) , except that the excitation power was high and substantial, virtually instantaneous heating of the lattice took place during the 80 ps excitation. Due to excited state-excited state absorption, heating is nonlinear. At low excitation power, such as that used in the experiments described above, the lattice is not significantly heated and the data decay smoothly, without modulation. The .modulations appear at a higher power and increase with power.
Equation (2) for the heating mechanism gives the strain as a function of time and position. The acoustic amplitude A depends on the excitation power and on sample parameters such as absorptivity, thermal expansion, and elastic stiffness coefficients [3] , [ 4 ] .
To analyze the mixed transient grating data, we use (8). This gives the diffraction efficiency, assuming that the acoustic effects are limited to phase grating effects due to changes in density. That this is the case has been demonstrated [ 9 ] . Using (2) in (8), it is apparent that the acoustic diffraction term [the last term in ( X ) ] has an oscillatory time dependence. The excited state terms decay with the pentacene SI state lifetime, T~ = 10 ns; i.e., N , ( t )
Thus, the signal gradually decays and is modulated at the acoustic frequency.
The first two sweeps in Fig. 8 show data taken with probe wavelengths on the red and blue side, respectively, of the absorption peak. In the top sweep, the modulations periodically increase the diffracted signal; in the second sweep, the modulations periodically decrease the diffracted signal. Since the second term in (8) (the excited state phase grating term) changes sign as the probe frequency passes through the absorption peak wo, this behavior is expected. On the red side of the peak, the excited state and acoustic phase grating terms are of the same sign, and thus the effect of the acoustic wave is to periodically increase the phase grating contribution and the overall diffraction. On the blue side of the line, the excited state and acoustic phase grating terms are of opposite sign, so the acoustic wave decreases the phase contribution and the overall diffraction.
The bottom sweep in Fig. 8 shows data taken with the probe wavelength at the absorption peak. In this case, the modulations essentially vanish. This is also understood in terms of (8). At the peak, the second term (excited state phase grating) vanishes [see Fig. 7(b) ]. The first term (excited state amplitude grating) is largest at this wavelength, and its square is far greater than the square of the third term (acoustic phase grating). Thus, acoustic effects have a negligible effect on the signal.
Also reported earlier were the results of an investigation of mixed grating concentration dependence in pentacene in p-terphenyl [ 9 ] , [ 5 ] . It was found that the data were concentration independent, i.e., amplitudes of modulation relative to the excited state grating signal did not change as crystals of various concentration were tested, keeping all other conditions constant. This is to be expected from (8), since both k,(w) and A S increase linearly with concentration, leaving the relative contributions of the three terms unaffected. Fig. 9 . The puise sequence used for excited state coherent photoacoustic spectroscopy. The prepulse populates the excited state. The crossed excitation pulses of wavelength X then produce an acoustic holographic grating which has an amplitude proportional to the excited state-excited state absorption cross section at X. The grating amplitude is measured by Bragg diffraction of the probe pulse.
In describing the data in Fig. 8 , the heating which produced the -oscillations under high excitation power was ascribed to excited state-excited state absorption. An extension of the coherent acoustic spectroscopic method (Section 111) can be used to investigate excited state-excited state absorption [8] and help demonstrate a spectral shift contribution to acoustic diffraction [8] [terms 3 and 6 in (7)].
Conventional acoustic or thermal lensing spectroscopy cannot be readily applied to excited state-excited state absorptions. Basically, the current method is to excite SI with one light source, then pass a second light source through the sample to look for absorptions not present when SI is unpopulated. This works for strong absorptions. Although there have been some advances [23] , [24] , the problem with acoustic spectroscopy in this application is that the energy used to excite SI will itself produce a large acoustic signal, obscuring the acoustic signal produced by weak SI --* S,, transitions.
The coherent photoacoustic approach avoids the problem of an acoustic signal arising from the so to S , pumping by using the inherent advantages of a nonlinear holographic method. The experiment is a four-pulse sequence (see Fig. 9 ). The first pulse (a single beam) excites the sample from So to SI. Then a pair of tunable wavelength crossed pulses set up an optical interference pattern in the sample. If there is excited state absorption, a grating pattern of high lying excited states will be produced. These S, excitations will rapidly ( 7 10 ps) relax to SI, producing local heating. The heat, having a periodic spatial pattern which mimics the optical interference pattern, launches the ultrasonic waves [3], [4] . The amplitude of the wave is detected by Bragg diffraction of a fourth probe pulse off the induced holographic acoustic grating. This amplitude is proportional to the SI to S,, absorption coefficient [X] . The elegance of the approach is that the single pulse (no interference pattern) which takes the system from So to SI also produces heat, but does not form a diffraction grating. Consequently, the heat from exciting SI does not contribute to the signal. Thus, the four-pulse sequence provides a method for the extension of acoustic spectroscopy to the detection of very weak excited state-excited state absorptions. The technique should make it possible to measure absolute excited state absorptivities if the ground state absorptivity is known. The parameters of the medium, i.e., heat capacity, thermal expansion coefficient, and optoelastic constant, need not be known since they will divide out if the excited state acoustic effect is compared to the analogous ground state experiment [7] .
In the experiments briefly discussed here, coherent photoacoustic spectroscopy is used to investigate excited state absorption at 532 nm (doubled Nd : YAG) by pentacene guest molecules in a p-terphenyl host crystal at room temperature and 1.4 K. The results demonstrate that there is extensive excited state absorption at room temperature, but due to reduced linewidths at low temperature, there is no 532 nm excited state absorption at 1.4 K. These results are. used to address the question of the mechanism responsible for diffraction by the acoustic grating at 1.4 K. In all previous experiments, acoustic diffraction of a probe beam is due to changes in the real part of the bulk index of refraction because of the number density changes produced by the acoustic wave as in the third term of (8). However, if the probe beam wavelength is near resonance with a strong, narrow absorption line, as in the 1.4 K experiments, there is an additional, and potentially greater contribution to the diffraction from density-dependent shifting of .the spectral position of the resonant transition, i.e., the third and sixth terms in (7) [8] . The acoustic wave (density wave) generates spatially periodic, time-dependent spectral shifts which change the real and imaginary contributions of the resonant transition to the sample's index of refraction. If the transition is strong and narrow, the spectral shift contribution to the acoustic diffraction can exceed the bulk density variation contribution. The experiments on pentacene in p-terphenyl at 1.4 K suggest that this is the case for this system. Fig. 10 shows time-resolved data from a single crystal of M/M pentacene in p-terphenyl at room temperature with and without the excitation prepulse. The wavelength of the excitation prepulse and the grating probe was tuned to 588 nm, near the peak of the pentacene So -+ SI absorption band at 591.nm, and doubled YAG (532 nm) was used for the grating excitation pulses. As discussed in detail above, these excitation pulses, which coincide in frequency with a strong ground state absorption, produce long-lived excited states ( -10 ns), and therefore an excited state grating [9] .
The data shown without the excitation prepulse (Fig.  10, lower curve) decay at a rate proportional to the pentacene lifetime, without modulation. For the power den- sities used for the grating excitation pulses, very few ,excited states are created, and any heat deposition is due to relaxation from the initially excited state at 532 nm to the vibrationally unexcited S , level at 588 nm. Diffraction from the excited grating completely masks the diffraction from any ultrasonic wave grating under these conditions. The upper curve in Fig. 10 shows data taken with the excitation prepulse. All other excitation conditions are identical. The excitation prepulse arrives 100 ps before the grating excitation pulses and selectively populates the pentacene SI excited state. The excitation prepulse only depletes about 4 percent of the ground state molecules, and the amplitude of the excited state grating is basically unaffected. Notice, however, that the extent of modulation seen in the upper curve has increased dramatically. The difference in the depth of modulation with and without the prepulse clearly demonstrates that there is a strong SI --* S, transition of pentacene at 532 nm. In addition, the relatively small amount of ground state depletion required to produce significant modulation in the signal demonstrates that the previously observed power dependence for acoustic generation in this system is due to excited state absorption (see discussion surrounding Fig. 8) .
Data taken on the pentacene in p-terphenyl system at 1.4 K is in marked contrast to the room temperature data. At low temperature, pentacene substitutes into the p-terphenyl lattice in four nonequivalent sites producing four narrow (-2 cm-') very strong absorption origins [25] . The O3 origin at 17 006 cm-I was examined since it is the most spectrally isolated of the four peaks. The data is shown in Fig. 11 . The upper curve is without the prepulse, and the lower curve is data observed with the prepulse. Excitation conditions are the same as those used for the room temperature data. The probe and prepulse K with and without the prepulse. Low-amplitude oscillations can be seen in both curves. Trace 2 (with prepulse) is significantly reduced in amplitude because the prepulse produces a substantial number of optical excitations which diminishes the excited state grating subsequently produced by the excitation pulses. The fact that the magnitude o f the oscillations does not change even though the prepulse generates a substantial number of S, states demonstrates that there is negligible S, to S, absorption at 532 nm grating excitation wavelength at 1. 4 K. wavelength are nearly resonant with the 17 006 cm-' transition. In the room temperature data (Fig. 10 ) the overall signal strengths with and without prepulse are basically identical (note baseline displacement). However, the 1.4 K signal (Fig. 11) with the prepulse is significantly reduced in intensity relative to the signal without the prepulse (note the baselines coincide). The decrease in the overall diffracted probe pulse signal with the prepulse demonstrates that the prepulse has significantly depleted the ground state population, thereby reducing the amplitude of the excited state grating. Notice, however, that despite the large number of excited states populated by the excitation prepulse, there is no increase in the depth of modulation of the signal. The lack of a prepulse effect demonstrates that the SI to S, absorption cross section at 532 nm is negligible at 1.4 K. There is no significant contribution to the ultrasonic amplitude from excited state absorption. The lack of excited state-excited state absorption at 532 nm is presumably due to the substantial narrowing of the spectral lines at low temperature, resulting in 532 nm not being on resonance with an SI -+ S,, transition at 1.4 K.
Additional grating diffraction data for pentacene in pterphenyl at 1.4 K (no excitation prepulse) are shown in Fig. 12 . Data for two different probe wavelengths are depicted, one on resonance with the line center, and the other -4 cm-' blue of the maximum. The probe wavelength dependence of the modulation depth has been discussed in detail previously [9] . (Note that the extent of modulation in the 5878.5 A data is greater than in Fig. 11 because the probe wavelength is further off resonance.) The important observation from these data is the amplitude of the ultrasonic grating for probe wavelengths near the band origin. When the temperature was lowered from room temperature to 1.4 K, the diffraction efficiency of the excited state grating increased by approximately a factor of K for two probe wavelengths labeled X in the figure. No prepulse excitation. The data illustrate that substantial acoustic modulation is observed for a probe wavelength-near resonance with the strong and narrow pentacene transition at 5880 A . This acoustic diffraction arises because of a density wave-induced spectral shift contribution to the diffraction when the probe wavelength is near resonance with a strong and narrow transition.
100. This increase is from the decrease in the linewidth and the corresponding increase in the absorption strength of the transition. At low temperatures, the heat capacity decreases dramatically, but in general, the thermoelastic constants of crystals decrease in a similar manner.
The net result is that for the same amount of energy converted to heat at room temperature and at 1.4 K, the induced ultrasonic waves should have about the same amplitude.
If the amplitudes of the strain waves are similar at the two temperatures, in the low-temperature sample, the excited state grating should completely overwhelm any contribution to the signal from the acoustic bulk number density phase grating.
There are two possible reasons why the acoustic grating manifests itself in the low-temperature sample.
The first is that the acoustic amplitude is much greater at low temperature because a strong SI -+ S, excited state transition deposits great quantities of energy into the sample as heat.
The prepulse coherent photoacoustic experiments conclusively rule out this possibility.
The other possibility is that the strain wave is approximately the same size, but the coupling between the acoustic grating and the probe radiation field is greater, i.e., there are additional contributions to the diffraction efficiency in the low-temperature system. As discussed above, these additional contributions are predicted to arise from density wave-induced spectral shifts [9] . The spectral shifts produce both phase and amplitude gratings. For intense narrow lines which are probed near resonance, the spectral shift grating diffraction can far outweigh the bulk number density phase grating diffraction [9] . Bulk number density phase grating diffraction is responsible for all previous observations of diffraction from acoustic gratings and for all optoacoustic devices.
The results presented here demonstrate that greatly increased acoustic diffraction efficiency can be obtained by using a probe wavelength near a very intense and narrow transition. The experiments suggest that the increased efficiency arises from additional spectral shift contributions to diffraction.
V. ACOUSTIC WAVE AND KERR EFFECT GRATINGS IN LIQUID CRYSTALS
In this section, it is demonstrated that the picosecond transient grating technique can be readily extended to explore rotational dynamics and mechanical properties of thin films of oriented liquid crystals. Due in part to the importance of these properties to the technological applications of liquid crystals, they have been the object of intense research in the past decade. Two of the most useful probes in these experiments have been the optical Kerr effect [26] - [28] and ultrasonic wave propagation [29] . In the former case, the linear birefringence induced by an intense excitation laser pulse causes a rotation of the polarization of a weaker probe beam which decays with the rotational reorientation time of the molecules; in the latter, the phase velocity and attenuation of acoustic waves provide information about the elasticity and viscosity of the various phases, as well as about the critical phenomena associated with the phase transitions. Using a transient grating, both the optical Kerr effect and ultrasonic wave propagation can be observed in the same experiment. The optical Kerr response can be conveniently isolated from the acoustic response by manipulating the relative polarizations of the excitation pulses.
In the work described here both the excitation (1.06 pm) and probe (532 nm) lie well to the red of the liquid crystal singlet absorption ( < 400 nm). Therefore, all amplitude grating effects are negligible.
We have found that there are two contributions to the phase grating diffraction in liquid crystal films. The first is due to periodic variations in the density associated with acoustic wave propagation as described in detail above. The time dependence of the peak-null difference in refractive index including acoustic damping has been shown to be [lo] An""(t) oc {A( 1 -cos wt exp (-cr Vt))
where o is the circular frequency of the acoustic wave, I/ is its phase velocity, and a is its attenuation constant (cm-') [see (2) and (4)]. The first term in (12) describes acoustic waves generated by the impulsive heating in the intensity peaks, while the second accounts for waves launched by electrostrictive perturbations of the density caused by the large optical field. The constants A and B depend on the absorption cross section and the optoelastic constant, respectively [7] .
The second contribution to the phase grating diffraction is from the optical Kerr effect. This also has two components: an electronic part and an orientational part. The optical field can distort the electron cloud through its interaction with the electronic hyperpolarizability [ lo] , [26] . The probe then experiences a peak-null change in the re-fractive index given by [lo] , [28] An"(t) = it E 2 (t') exp (-v) dt' (13) where n; is proportional to a sum of elements of the fourth rank hyperpolarizability tensor, re is the electronic relaxation time ( -s) , and E(t) is the instantaneous optical field strength. An additional Kerr effect which is important in liquid crystals involves laser-induced molecular orientation arising from interaction between the optical field and the polarizability anisotropy of the molecules. In this case, the peak-null change in index due to molecular orientation is [lo] , [28] re --m ' (14) where ni is a measure of the anisotropy of the molecular polarizability, E2(t') is the rms electric field strength at a given point in the grating, and ro is the rotational reorientation time ( 10-io-10-6 s) . It is implicitly assumed in (14) that the rotational diffusion is adequately characterized by a single time ro.
In a liquid crystal transient grating experiment using excitation pulses of parallel polarization, both the acoustic and Kerr effects contribute to the intensity of probe diffraction: Because the electronic cloud relaxation time re s) is so short [26] relative to the pulse duration (-10-'os), Ane contributes only during the period when the excitation and probe pulses are simultaneously present in the sample. However, the orientational relaxation time ro may range up to several hundred nanoseconds [26] , and depends strongly on the proximity to the isotropic + nematic phase transition. Thus, after parallel-polarized excitation pulses have passed through the sample, the phase grating induced in the liquid crystal film is a superposition of standing acoustic wave and orientational Kerr effects.
It is possible to separate out these two responses by rotating the polarization of one excitation pulse so that it is exactly perpendicular to the other. In this configuration, the optical fields in the two pulses do not interfere, so that the intensity in the crossing volume varies smoothly as the Gaussian transverse mode of the laser. Without the sinusoidal intensity modulation, no longitudinal acoustic waves are generated [ 101. Nevertheless, while the optical fields cannot constructively and destructively interfere, they still add together vectorially to produce a periodic variation in the net polarization (see Fig. 13 ) [lo] . This gives rise to a "polarization grating" having the identical wavelength and direction as the intensity grating discussed above. The liquid crystal molecules respond to the polarization grating through the orientational Ken-effect. Thus, the use of perpendicularly polarized excitation pulses permits the rotational dynamics of the liquid crys- tals to be analyzed in the absence of complications due to the acoustic response.
Typical results of a transient grating experiment on the isotropic phase of 5 CB (p-n-pentyl-p'-cyanobiphenyl) at 42°C are shown in Fig. 14 where diffracted probe intensity is plotted as a function of probe delay time. The signal rises to a maximum at t = 0 when the excitation and probe pulses are simultaneously inside the sample due to the electronic Kerr effect. Diffracted intensity then falls off rapidly with the cross-correlation time of the excitation and probe pulses until it reaches a value determined by the amplitude of the orientational Kerr effect. The signal then decays more slowly with the molecular reorientation time. For parallel-poiarized excitation pulses [ Fig.  14(a) ], this decay is modulated by diffraction from a standing acoustic wave generated by the intensity grating.
The signal obtained using perpendicularly polarized excitation pulses is shown in Fig. 14(b) . As noted above, under these conditions, no longitudinal acoustic waves are generated since the intensity in the peaks equals the intensity in the nulls. According to (14) and (15), the diffraction should decay exponentially as exp ( -2t/r0 ). The inset is a semilogarithmic plot of the data starting at t d = 400 ps. At long times, the plot is linear, but at short times, there is a marked deviation from linearity. This deviation is not due to pulse convolution effects [ 101. The cross correlation of our excitation and probe pulses was obtained from the transient grating signal in CS2. CS2 is known to have a 2 ps rotational correlation time at room temperature [30] , and thus has a delta function impulse response for our 100 ps pulses. The CS2 signal is shown in Fig. 14(b) and has a FWHM of -140 ps. Therefore, for delay times longer than 400 ps after t d = 0, the diffracted signal is due only to the impulse response of the liquid crystal films. The inset in Fig. 14(b) shows clearly that the assumption of a single exponential decay for the orientational Kerr effect is not valid. Moreover, the fast component is nonexponential, and is itself composed of a range of decay times from -200 ps to 2 ns. Previous optical Kerr studies [26] , [27] in the isotropic phase of nematic liquid crystals used -20 ns excitation pulses, and were not able to resolve this fast component. They did, however, obtain accurate values of T~, the order parameter relaxation time, which is associated with collective rotation about the short axis of the molecules. A fit of the exponential tail of the data in Fig. 14(b) yields ro, the order parameter relaxation time, which is associated with collective rotation about the short axis of the molecule.
We obtain T~ = 53 + 8 ns, which is consistent with the previously measured value of T~ = 60 ns in 5CB at 42°C [27] . The uncertainty in the transient grating measurement of T~ arises from the fact that the optical delay line only allows measurement of the decay out to -16 ns, much less than one lifetime.
A more precise value could be obtained using a CW probe or a longer delay line.
In Fig. 14(a) , the (circular) acoustic frequency w = 2.46 GHz is readily found from the spacing T between the peaks in the diffraction: and the acoustic velocity V = 1.54 X lo5 cmls is obtained from
where A = 3.95 pm is the acoustic wavelength defined in
(1). Since at frequencies f higher than -50 MHz the attenuation is proportional tof2, the quantity alf * is usually reported to facilitate comparison of attenuations measured at different frequencies. Knowing the value of T~ from Fig. 14(b), we can estimate the value of alf2 = 330 k 150 X s2/cm, which agrees within our uncertainty with the value of -500 X s2/cm measured at 100 MHz using more conventional transducer techniques [3 11. Fig. 15 shows typical relaxation curves for CBOA (Np-cyanobenzylidene-p-octyloxyaniline) in the isotropic ( A ) , nematic (B), and smectic A ( C ) phases using perpendicularly polarized excitation pulses. The curves B and C have been blown up by a factor of 10 and 100 compared to A , respectively.
Qualitatively, the amplitude of the long component of the Kerr relaxation is large in the isotropic phase and disappears in the nematic and smectic A phases. A fit of the tail in Fig. 15(a) yields T~ = 60 + 20 ns. The fast relaxation is still measurable in the nematic and smectic A , although its amplitude is reduced by a factor of 10 in B , and another factor of 3 in C , relative to A . The disappearance of the T~ relaxation at the Z -+ N transition can be understood in terms of the onset of the "nematic barrier" [32] . With homeotropic orientation, our net grating fields are everywhere perpendicular to the director. In or- der to align themselves with the field, the molecules must overcome this barrier. The torques generated by our 100 ps pulses are not sufficient to produce the collective rotation associated with 70. Such "optical Freedericz transitions" are, however, readily seen with relatively low power CW lasers 1331. The fact that the fast relaxation is observed below the I + N transition argues that it is associated with individual rather than collective rotational reorientation. We envision that, due to statistical fluctuations of the molecular long axes about the director, random "pockets" develop into which molecules can be rotated by the optical field.
The relaxation occurs over a range of times which depend on the initial pocket characteristics. The decreasing apparent amplitude of the fast component with decreasing temperature may, in fact, be a shift in the distribution of relaxation times toward shorter time; this is expected since the size of the pockets is reduced as the order parameter increases. Due to the small relative amplitude of the effect as well as the distribution of relaxation times, it is doubtful that it could be observed in a dielectric relaxation experiment [34] . This illustrates the advantage of the direct time-domain measurement afforded by the picosecond transient grating technique. Due to the limitations imposed by the pulse durations used in these experiments, it was not possible to observe the full range of relaxation times postualted above. Experiments on a 1 ps time scale would provide a test of the proposed model. Fig. 16 displays the same data as Fig. 15 , but with parallel rather than perpendicularly polarized excitation pulses. The signal here is a superposition of the orientational Kerr effect Ano and the acoustic effect Anac as described in (15) . In the isotropic phase [ Fig. 16(a) ], 2.5"C above the I + N transition, Ano >> Anac and the amplitude of the acoustic modulation is given by the cross term in (15). Note that because > 2AnoAnac, the signal "nulls" do not reach the baseline. We obtain w = 2.25 GHz and V = 1.36 X 10' cm/s at this temperature. Knowing 70, we can obtain the acoustic damping parameter a/f = 250 X s2/cm, which is consistent with values measured previously [31] . Just below the I + N transition in Fig. 16(b) , the fast components of the Kerr decay still contribute and the diffraction peaks actually get larger with increasing delay time. This can only happen if the acoustic term is larger than the Ken-term and the two are added with opposite sign in (15). Physically, this means that the refractive index changes in the intensity peaks due to the Kerr and acoustic responses have opposite signs. From the acoustic period, we obtain w = 2.27 GHz and V = 1.38 X 10' cm/s in the nematic phase at this temperature. Finally, in Fig. 16(c) , 5°C below the N SA transition, the acoustic term dominates, with two unequal diffraction peaks per acoustic cycle. This pattern is characteristic of a superposition of electrostrictively and thermally generated acoustic waves (see Section 111). The heating is due to weak absorption of the IR excitation pulses into the forbidden u = 0 -+ u = 3 transition of C-H stretching modes, followed by rapid radiationless relaxation. We estimate that the intensity peaks are heated by no more than lop3 K per shot. A fit to the data in Fig.  16 (c) yields w = 2.46 GHz, V = 1.49 X 10' cm/s, and df = 300 k 100 s2/cm, as compared to the value of CY/ f = 158 X s2/cm measured previously at 560 MHz Since the measurements on the liquid crystals described above, we have extended the work to the study of aligned phospholipid multibilayers [ 111, [35] (model membranes). We have greatly improved the accuracy of the determination of the acoustic damping. The damping and velocity measurements are related to the model membrane viscosity and elastic stiffness, and we have studied the effects of cholesterol content (0-35 percent) and temperature on these model membrane properties.
VI. CONCLUDING REMARKS
[3 11.
In this paper, the generation and detection of ultrasonic waves using a picosecond transient grating approach have been described. Two mechanisms for the acoustic wave generation, a heating mechanism and a stimulated Brillouin scattering mechanism, have been illustrated. It was shown that a type of coherent acoustic spectroscopy based on the laser-induced phonon method can be used to detect very weak ground state absorption and to detect excited state-excited state transitions. Mixed gratings, i.e., combined acoustic wave and electronic excited state gratings, were considered. It was demonstrated that the phase grating component of the excited state grating can interfere with the acoustic phase grating to give probe wavelengthdependent observables. Contributions to acoustic grating diffraction from spectral shifts were also discussed. Finally, acoustic gratings and Kerr effect gratings in liquid crystals were shown to be a useful tool for the investigation of the properties of liquid crystal systems.
